Loss of pesticide efficacy resulting from enhanced rates of microbial degradation has been observed with several pesticides including the insecticide carbofuran (2,3-dihydro-2,2-dimethyl-7-benzofuranyl methylcarbamate). Soils in which this phenomenon occurs are often referred to as "problem soils." Several previous studies have documented the temporal aspects of the conversion of a nonproblem soil to a problem soil, and have compared carbofuran degradation rates in problem vs. nonproblem soils. There have been few studies of the spatial or temporal variability of pesticide degradation, and no studies of the variability of carbofuran degradation, however. Our study was designed to evaluate the spatial variability of carbofuran degradation activity in a conventional-till and a no-till corn (Zea mays L.) field, and to assess temporal variations of carbofuran degradation activity. Soil samples were collected at two positional locations in each field (in-row and between-row) at three times during the growing season. Within the planting furrow, maximum rates of carbofuran degradation were higher and resulting half-lives ofcarbofuran (DT-50~) were lower than in samples collected between corn rows. Interactive effects of both microbial biomass and soil water content appeared to contribute to the observed differences in carbofuran degradation kinetics as well as to the positional differences observed. Temporal variations in carbofuran degradation appeared to be dominated by soil water content. At this time it remains unknown whether the observed increase in carbofuran degradation activity, in the row, occurred in response to the banded application of carbofuran, or to increased C availability in the rhizosphere.
N/~ICROBIAL DEGRADATION is an important mech-/.V.I. anism controlling the fate of pesticides in soil. In the absence of microbial growth, rates of pesticide degradation often adhere to first-order kinetics and are a function of the population densities and metabolic competence of pesticide-degrading microorganisms, pesticide bioavailability and soil factors affecting microbial activity. Rao and Davidson (1980) summarized first-order rate constants for a variety of pesticides from numerous studies, giving some indication of the variability in degradation rates with different soils and under different experimental conditions.
. In contrast, the ability of soil microorganisms to utilize a pesticide as a growth substrate results in sigmoidal kinetics, at least under conditions conducive to microbial growth and where concentrations of substrate are greater than K~ and/or exceed initial biomass (Simkins and Alexander, 1985; Focht and Shelton, 1987) . Where substrate concentrations are less than Ks and/or initial biomass, or conditions are not conducive to growth, apparent first-order or linear kinetics may be observed. In problem soils, losses of pesticide efficacy appear to be associated with accelerated rates of microbial degradation, indicative of microbial growth. Although direct evidence of increases in population densities has been difficult to document (Scow et al., 1990; Moorman, 1988) , pure cultures of microorganisms capable of utilizing pesticides as sole C and/or N sources have been isolated from "problem soils" (Chaudhry and Ali, 1988; Kams et al., 1986) .
Pesticide degradation rates in soil are dependent upon a variety of environmental and management factors that can affect both population densities and activity of pesticide-degrading microorganisms. Many of these parameters can vary dramatically as a function of time and location. Few studies, however, have been conducted to systematically examine the spatial and temporal variability associated with field rates of pesticide biodegradation.
Walker and Brown (1983) examined spatial variability associated with simazine 3, and metribuzin [4-Amino-6-(1,1-dimethylethyl)-3-(methylhio)-l,2,4-triazin-5(4H)-one] degradation. Coefficients of variation associated with the first-order half lives of simazine and metribuzin degradation were 23 and 24.8%, respectively, for soil samples collected from the same plot. Plot to plot variability of degradation, determined in composite samples from 10 distinct plots were 6.9% for simazine and 21% for metribuzin. These results indicate that the small scale, within plot variability is a major component of the total variability.
These previous studies involved pesticides that were not utilized as microbial growth substrates. In instances where a pesticide can be used as a growth substrate repeated applications may enrich for pesticide-metabolizing microorganisms resulting in significantly enhanced rates of biodegradation. This phenomenon has been observed with the soil insecticide, carbofuran. Laboratory studies have documented both the sigmoidal kinetics of carbofuran metabolism (Camper et al., 1987; Parkin et al., 1991) and that repeated application of carbofuran to soils results in enhanced rates of microbial degradation (Kaufman et al., 1985; Scow et al. 1990; Harris et al., 1984; Chapman et al., 1986) . Also, in field comparisons, soils having a history of carbofuran application exhibit higher degradation rates than soils not previously exposed to carbofuran (Felsot et al., 1985 (Felsot et al., , 1982 Turco and Konopka, 1990) . No studies have examined the spatial variability associated with carbofuran degradation activity in the field, however.
In contrast to herbicides, which are uniformly applied to the field, carbofuran is typically applied in a granular formulation at planting time, and is placed with the seed directly in the planting furrow. This necessarily results in extreme spatial heterogeneity of carbofuran concentrations between and within the corn row that, in turn, may give rise to spatial heterogeneity in rates of carbofuran degradation. In addition, the practice, of superimposing corn rows and carbofuran applications year-after-year in no-till cropping systems may result in sustained, localized populations Abbreviations: NT-IN, no-till in-row; NT-BTW, no-till betweenrow; CT-IN, conventional-till in-row; CT-BTW, conventional-till between-row.
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of carbofuran degrading microorganisms.
The objectives of this work were to characterize the spatial and temporal variability of carbofuran degradation activity in a conventional-till and a no-till field, and to determine the positional effects (in-row vs. between-row) on carbofuran degradation activity.
MATERIALS AND METHODS
Surface soil was obtained from a conventional-till and an adjacent no-till field located at the Beltsville Agricultural Research Center, Beltsville, MD. The soil was a Hatboro silt loam (fine-loamy, mixed, nonacid, mesic, Typic Fluvaquents) with 1.5% organic matter and a pH of 6.05. The fields had a 3-yr history of continuous corn, with banded carbofuran application at the time of planting in each year. A commercial formulation of carbofuran (Furadan 10G, FMC corp., Princeton, NJ) was banded (1 lb active ingredient/acre) at planting in 1989.
The two fields were sampled at three times during 1989, before planting (1 June 1989), 4 wk after planting (24 July 1989), and 16 wk after planting (10 Oct. 1989) . At each sampling time 15 pairs of soil cores (5-cm diam. by 16 cm deep) were collected from each field, with one sample of each pair collected between adjacent corn rows and the other sample collected approximately 35 cm away in the intrarow area. Sample locations were determined with a transit.
Soil Incubations
Carbofuran hydrolysis was monitored by measuring 14CO2 production from ~4C-carbonyl carbofuran-amended soils. A saturated solution of carbofuran was prepared by dissolving commercial formulated granular material (10G Furadan) water. The solution was filtered through glass wool to remove course particulate material, and radiolabeled carbofuran then added. The resulting solution contained 400 carbofuran/mL and contained 5500 Bg/mL (0.15 ixCi/mL). The radiolabeled carbofuran was a gift from FMC Corporation (Princeton, NJ).
Soil incubations were conducted on the 7 to 9.5-cm depth segment of each core (approximately 50 g soil). This was the depth segment corresponding to the depth at which the granular carbofuran was applied in the field. Core segments were injected with 0.35 mL of the carbofuran solution, and the injected core segments were then pushed through a 0.5-cm sieve, and placed in 125-mL flasks. All soil samples were incubated at 25 °C, and carbofuran hydrolysis determined by monitoring daily 14CO2 production (Parkin et al., 1991) .
Instrumentation and Analyses
The flasks containing the soil samples were connected to an instrument that allowed for the semiautomated determination of radiolabeled CO2 evolution from soil (Shelton and Parkin, 1989) . At each sampling time, the head-space of each sample was flushed for 4 min through a sparging stone immersed in a test tube containing 6 mL of 0.5 M NaOH. The ~4CO2 was quantified by placing 3-mL aliquots of trapping solution into 7 mL of Beckman Ready-Solv HP aqueous cocktail (Beckman Instruments, Fullerton, CA) and counting in a Beckman model LS-6800 liquid scintillation counter (Beckman Instruments, Fullerton, CA). The trapping efficiency for radiolabeled 14CO2 is 100% -2.0% (Shelton and Parkin, 1989) .
Modeling and Statistics
The 14CO2 production data was evaluated using the general saturation model of Morgan et al. (1975) as described by Parkin et al. (1991) . Parameter estimates were obtained for the model by nonlinear regression (PCNONLIN, Statistical Consultants, Inc., Lexington, KY), using the NelderMead simplex algorithm for minimizing the sum of squared residuals.
Both parameters (maximum rate and DT-50%) were normally distributed. Positional differences were evaluated by performing paired t-test on the in-row and between-row samples from each field. Differences over time were evaluated using Gabriel's multiple range test (experiment-wise error rate = 0.05). Semivariogram analyses were performed using geostatistical analyses software developed by Robertson (1987) . The kinetic parameters associated with carbofuran degradation were tested for normality using the Shapiro-Wilk test. It should be realized that, due to the lack of replication of tillage treatments, no generalizations concerning precise tillage effects on carbofuran degradation can be made.
RESULTS

Carbofuran Degradation Kinetics
Generally, the kinetics of 14CO2 production from 14C-carbonyl-carbofuran amended soils were sigmoidal; exhibiting a lag time of 1 to 4 d followed by a zperiod of rapid hydrolysis ( Fig. 1-3) . Several of the no-till in-row samples collected on 1 June 1989 exhibited no lag period, however, and rapid degradation commenced immediately at the start of the incubation (Fig. 1D) . It was observed that some samples exhibited nearly linear rates of 14CO2 production (Fig. 1B,  2D , 3B, 3D). It also was observed that the water content of these samples (designated on the figures) were lower than the average moisture levels of the fields.
The 14CO2 production curves of samples collected from the conventional-till field appeared to be more tightly grouped than those obtained from the no-till samples ( Fig. 1, 2, 3) , indicating a lower degree spatial heterogeneity associated with the carbofuran degradation activity at the conventional-till site. Determination of tillage and/or positional effects on carbofuran degradation by viewing the kinetic patterns of 14CO2 formation is only qualitative, however. In order to compare, in a quantitative way, variability among and between treatments, the data of Fig. 1 through 3 were summarized using a nonlinear general saturation model. This analysis resulted in two summary parameters, the maximum rate of carbofuran hydrolysis, which is the rate at the inflection point of each curve, and the half-life of the added carbofuran (here designated as DT-50% (the time required for disappearance of 50% of the added carbofuran).
Positional Effects on Carbofuran Degradation
Summary rate parameters (maximum rate and DT-50%) were estimated from the 14CO2 production curves (Table 1) . On 1 June, 1989 (before planting) significantly higher carbofuran hydrolysis activity, as determined by higher maximum rates, and shorter DT-50% values, were observed for the in-row samples of the no-till field (NT-IN) compared to the between-row notill samples (NT-BTW). The lower soil moisture values observed in the NT-BTW location was not significantly different than the water contents at the other locations in the field. At the conventional-till site carbofuran degradation activity on this date was not de- would have been maintained, and possibly magnified, due to enrichment of the carbofuran-degrading population in response to the banded application of carbofuran that occurred at the June 24 planting. It is thought that positional effects were not observed in the no-till field because of a planting error that re- suited in the newly planted corn rows that did not correspond to the positions of the previous year's crop. Also, it is speculated that positional effects in the conventional-till field were not observed because not enough time had elapsed following planting (banding of carbofuran) for enrichment of the carbofuran population in the in-row area. Significant differences in soil moisture levels as a function of position in the field were not observed at this time.
Positional effects on rates of carbofuran hydrolysis were observed on the October sampling event. A significant difference in both maximum rate and DT-50% as a function of sample location was observed in the notill field. In the conventional-till field the in-row areas showed significantly higher maximum rate of carbofuran degradation, and, although there was a trend of lower DT-50% values for the in-row area (CT-IN) they were not significantly different than the CT-BTW samples.
Spatial Variability of Carbofuran Degradation
Rates
The variability associated with estimates of maximum rate and DT-50%, as indicated by coefficients of variation (Table 1) , was consistently higher in the no-till samples compared to the conventional-till sampies. Analysis of the spatial structure of the variability indicates a similar result (Fig. 4) . Semivariograms maximum rate and DT-50% for the conventional-and no-till fields on the three sampling dates are shown in Fig. 4 . At all three sampling times semivariances associated with DT-50% were three-to fourfold higher in the no-till field, and semivariances associated with maximum rate ranged from 4 to 50 times higher in the no-till field. The lower semivariances observed in the conventional-till field are likely a direct result of the plowing events that served to homogenize carbofuran-degrading organisms in the soil. For the NT field, on all three sampling times there was no spatial component to the variability, as indicated by the random fluctuation of semivariance as a function of sampling distance. Variability in the conventional-till field contained a slight spatial component, as evidenced by the trend of increasing semivariances with increasing sampling distance. The nearly horizontal semivariograms indicated that most of the variability associated with carbofuran degradation activity was manifested at scales less than the minimum sampling distance (35 cm). It was also observed that spatial variability in the NT field decreased from June to October, while in the conventional-till field variability increased throughout the growing season.
Temporal Variability
Carbofuran degradation activity within a given sampling area of the fields exhibited significant temporal variations (Fig. 5) . In June the in-row and betweenrow areas of the conventional-till field and the in-row area of the no-till field exhibited higher maximum rates (Fig. 5A ) and shorter DT-50"s (Fig. 5B) than the other two sampling dates. No significant differences in carbofuran degrading activity were observed for the no-till between-row samples over the three sampling dates. The temporal trends exhibited by the carbofuran degradation activity at each position within the two fields was mirrored by soil water content. On the first sampling date samples from the CT-IN, CT-BTW, and NT-IN had significantly higher soil water contents than on other two sampling dates (Fig. 5C ). Water content of the between-row areas of the no-till field was not significantly different over the three sampling events.
The positional effects on carbofuran degradation activity observed at the June and the October sampling dates cannot be explained by soil moisture effects, as no significant differences in soil water content were observed in-row vs. between-row. Maximum rate of carbofuran degradation, DT-50~, and soil water content are presented in parts A, B, and C, respectively. Significant (P < 0.05) temporal differences within a sampling area are denoted by letters.
DISCUSSION
Enhanced rates of carbofuran degradation in field soils with histories of carbofuran use is a well-documented phenomenon (Kaufman and Edwards, 1983; Felsot et al., 1981 Felsot et al., , 1982 Felsot et al., , 1985 Getzin and Shanks, 1990; Turco and Konopka, 1990) . These previous studies have documented the temporal dynamics involved in the development of soils with enhanced degradation activity. Similarly, other laboratories have reported on the effects of repeated carbofuran applications on degradation activity (Camper et al., 1987; Scow et al., 1990; Hendry and Richardson, 1988; Chapman et al., 1986; Harris et al., 1984; Read, 1986) .
Previous work has not addressed temporal or spatial variations in rates of carbofuran degradation within a given soil as a basis for interpreting the enhancement phenomena, however.
Our study was designed to evaluate variations in the spatial patterns of carbofuran degradation activity over the growing season. We observed that most of the spatial variability associated with carbofuran degradation occurred at small sampling distances (<35 cm). This variability was manifested at two levels: (i) variability in the kinetic patterns exhibited by samples collected within a given positional location, and (ii) in-row vs. between-row positional differences.
Variability in kinetic patterns observed within a given positional location (either in-row or between-row) appears to be due, in part, to interactive effects of carbofuran-degrading biomass and soil moisture. Generally, the kinetics of 14CO2 production from 14C-carbonyl-carbofuran amended soils were sigmoidal although some samples exhibited either linear or firstorder kinetics. The sigmoidal kinetics observed with most samples is consistent with previous studies (Camper et al., 1987; Parkin et al., 1991; Scow et al. 1990; Turco and Konopka, 1990) and are indicative of microbial growth with carbofuran as a C and/or N source (Simkins and Alexander, 1985; Focht and Shelton, 1987) . When substrate concentrations are less than Ks and/or initial biomass, or conditions are not conducive to microbial growth, apparent linear or firstorder kinetics may be observed. Several samples exhibited apparent first-order kinetics that were likely a result of high initial biomass levels relative to carbofuran concentrations in these samples. Other samples exhibited nearly linear CO2 production; these samples had lower water contents than the average water content of the field, suggesting that partial desiccation was responsible for the lower rates of degradation.
It is likely that the positional differences in carbofuran degradation activity observed in each field appeared to be primarily influenced by population levels of carbofuran degrading microorganisms. Previous studies (Turco and Konopka, 1990; Hendry and Richardson, 1988) indicate that increased degradation rates are due to an increase in biomass of carbofuran-degrading organisms.
In contrast to spatial variation of carbofuran degradation activity, which appeared to be jointly influenced by moisture and biomass, the temporal variability appeared to be dominated by soil water content. Inrow vs. between-row comparisons of carbofuran degradation observed from the October sampling event indicate enrichment of carbofuran-degrading microorganisms occurred within the row. If carbofuran-degrading biomass also increased during the growing season, higher degradation activity was not manifested (i.e., highest carbofuran degradation activity was observed in june). A likely explanation is that the lower soil water contents of the October sampling depressed degradation activity. Other evidence suggesting that moisture is the dominant factor controlling temporal variations is the correlation between soil water content and degradation kinetics over the growing season (r = 0.632, P < 0.05).
Although numerous studies have documented in-creased rates of carbofuran metabolism as a function of repeated applications, the actual relationship between carbofuran persistence and efficacy (efficacy defined as corn root-worm (Diabrotica spp.) control or economic damage to the crop) is poorly understood. Felsot et a!. (1982) correlated control of corn rootworm with pesticide persistence in field plots of differing carbofuran use histories. Based on interpolations of their disappearance data, fields with DT-50% values of 12, 14 or 20 d exhibited 0,18, and 32% control of rootworms, respectively (application rate = 2.24 kg/ha). These data indicate that the relatively small differences in carbofuran persistence observed in our study may significantly impact carbofuran efficacy.
CONCLUSIONS
Our studies demonstrate that there can be significant differences in rates of carbofuran degradation as a function of time and location. Specifically, maximum rates of carbofuran degradation were higher and DT-50% values lower within the corn row as compared to between corn rows; however, this effect was dependent upon tillage operation and time of year. The spatial and temporal variability associated with rates of carbofuran degradation are a function of soil water content, and, likely, a function of carbofuran population levels. Soil moisture appeared to be the dominant factor controlling temporal variations in carbofuran degradation activity, while both moisture and microbial biomass jointly influenced the kinetics of carbofuran degradation as well as the spatial variation of carbofuran degradation activity. Our data indicate that carbofuran degrading activity persists overwinter at relatively high levels in-the-row, particularly in the no-till field. This suggests that varying row position in no-till fields, and alteration of the timing of application to coincide with drier soil conditions should result in reduced degradation of carbofuran.
